In vivo estimates of xenobiotic chemical flux across the dermal surface of intact fish were obtained by measuring chemical loss from venous blood to expired water. An experimental system was developed to separate the dermal route of exposure from all other routes. The system was then used to measure dermal absorption of tetrachloroethane (TCE), pentachloroethane (PCE), and hexachloroethane (HCE) in channel catfish (Ictalurus punctatus) and rainbow trout (Oncorhynchus mykiss), two fish with very different skin anatomies. The kinetics of accumulation varied among chemicals, but for each compound were similar among species. TCE accumulated rapidly, reaching steady state in blood within 48 hr. Steady state was not reached in 48 hr with PCE or HCE, although blood levels of PCE were probably close to steady-state values. Dermal flux estimates (based on branchial efflux) for TCE, PCE, and HCE were two to four times greater in catfish than in trout. Arterial blood concentrations of each compound were three to six times greater in catfish. These observations are indicative of greater flux across catfish skin, augmented by higher blood:water chemical partitioning. Trout skin is covered with scales and has no taste buds, while catfish skin does not possess scales and has numerous taste bud papillae. Both scales and taste bud papillae originate in the dermis and extend to the skin surface through the epidermis. In catfish these taste buds may offer channels through which chemicals diffuse across the epidermis to the more vascularized dermis. A comparison of dermal and branchial uptake was made by estimating zero-time dermal and branchial fluxes for all three chloroethanes. The mean dermal fluxes for TCE, PCE, and HCE ranged from 1.4 to 2.8, 1.8 to 3.6, and 1.4 to 3.2% of the total flux (branchial plus dermal) in rainbow trout and channel catfish, respectively. This research demonstrates that dermal absorption of waterborne chemicals occurs in large adult fish and results in distribution kinetics similar to those observed in inhalation exposures. Compared to branchial uptake, the dermal route of exposure appears to be relatively unimportant in large fish. It
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The excretion of lead, cadmium, and naphthalene across the skin of juvenile rainbow trout was demonstrated by Varanasi and Markey (1978) and . These studies suggested that lead and cadmium diffuse across the skin and into the mucous layer which is then sloughed from the fish. Naphthalene was recovered in mucous immediately following i.p. injection or dietary exposure, but was later replaced by naphthalene metabolites. Both of these studies point to the skin as an exchange surface for the excretion of environmental chemicals and their metabolites.
Because the skin has been considered a formidable barrier to chemical flux, few studies have dealt with dermal uptake of waterborne chemicals by large juvenile and adult fish. For smaller species, however, dermal absorption appears to be important. Tovell et al. (1975) measured anionic detergent uptake across the skin of small goldfish and found that 20% of total uptake occurred by this route. Using a homologous series of phenols, Saarikoski et al. (1986) found that 25-40% of total uptake in guppies (Poecilia reticulata) was across the dermal surface. More recently, Lien and McKim (1993) and Lien et al. (1994) developed physiologically based models to describe cutaneous uptake of organic chemicals in small fish. Based upon this work it was suggested that early life stages of fish may absorb 50% or more of a waterborne chemical across the skin. Attributes of small fish that contribute to this uptake include poorly developed gills, a large skin surface area-to-body weight ratio, and thin, highly vascularized skin.
The goal of the present study was to characterize the dermal uptake kinetics of a homologous series of chloroethanes in adult rainbow trout and channel catfish (Ictalurus punctatus) and to evaluate the possible contribution of dermal uptake to the total absorption of waterborne organic compounds. This required the development of an in vivo exposure system to separate the dermal and branchial exchange surfaces and to provide a means of simultaneously sampling blood and expired water. These data were used to estimate dermal flux in the two species and investigate factors controlling chemical efflux at fish gills. This is the first of two companion papers and presents an empirical description of dermal absorption, while the second paper utilizes this empirical data set to parameterize a fish physiologically based toxicokinetic model for predicting the dermal absorption of organic chemicals.
METHODS AND MATERIALS
Test animals. Rainbow trout (600-1000 g) and channel catfish (500-1000 g) were held in 1.23-m-diameter circular fiberglass tanks (900 liters) and fed once daily with a commercial trout/catfish chow (S. H. Nelson and Sons, Inc., Murray, UT). All feeding was stopped 24 hr prior to experimentation. Trout were obtained from Seven Pines Trout Hatchery (Lewis, WI). Catfish were acquired from Osage Fisheries (Osage Beach, MO).
Water characteristics. Lake Superior water was used for animal holding and experimentation. The temperature was adjusted to 11 ± 1°C for trout and 21 ± 1°C for channel catfish. Fish were held at their respective experimental temperatures for at least 1 month prior to use. Water characteristics for the trout and catfish were mean (±SD) dissolved oxygen = 11.0 ± 0.1 mg liter"' (trout) or9.0 ± 0.1 mg liter"' (catfish); mean total hardness = 45 mg liter" 1 as CaCO 3 , range 45 to 46; mean acidity = 3.9 mg liter"' as CaCO 3 , range 1.9 to 6.1; mean alkalinity = 42 mg liter"' as CaCO 3 , range 41 to 44; pH 7.6 to 7.8.
Chemicals and exposure solutions. Analytical grade (purity >98%) hexachloroethane (HCE), pentachloroethane (PCE), and 1,1,2,2-tetrachloroethane (TCE) were obtained from Aldrich Chemical Co. (Milwaukee, WI). Saturated water stock solutions were generated continuously using liquidliquid (TCE and PCE) or glass wool column (HCE) saturators (Kahl et al., 1992) . Exposure water concentrations were obtained by pumping saturated chloroethane solutions into a toxicant mixing cell that was receiving 2 liters/ min of Lake Superior water. Nominal concentrations of TCE, PCE, and HCE were selected to avoid any known toxic effects on the physiology of test animals. Measured concentrations (C AMB ) of all three chloroethanes for each experiment are presented in Table 1 . These values represent the mean ± SD of eight measurements during the 48-hr exposure. Three separate experiments with rainbow trout and two experiments with channel catfish were conducted as outlined in Table 1 .
Chambered exposures. Trout and channel catfish were exposed to all three chloroethanes simultaneously in fish respirometer-metabolism chambers. The fish were surgically prepared as described by McKim and Goeden (1982) and McKim et al. (1994) . Briefly, fish were anesthetized with tricaine methanesulfonate (MS 222: trout, 100 mg/liter; channel catfish, 120 mg/ liter) and transferred to a surgical table. Oxygenation and anesthesia were maintained by continuous irrigation of the gills with recirculating water. The spinal chord was transected just anterior to the dorsal fin. The dorsal aorta was cannulated (Garey, 1969) to obtain serial samples of arterial blood. In two experiments (one each with trout and catfish) the ventral aorta was also cannulated (Kiceniuk and Jones, 1977; McKim et al., 1994) to obtain venous blood samples. Finally, a latex oral membrane (OM) was sutured to the mouth to separate inspired and expired water.
Trout and catfish were placed in the exposure chambers following surgery and allowed to recover for 24 hr before introducing the test compounds. Exposures were conducted by directing water containing the chemical mixture (TOX In; 500 ml/min) to the C compartment of each chamber (Fig.  1) . A latex membrane collar located just posterior to the pectoral fins separated the B and C compartments of the metabolism chamber and limited the exposure to the trunk portion of the fish surface (approximately 80% of total surface area). A small magnetic stirrer attached to the side of the C compartment rotated a 2-in. stir bar which maintained a continuous current of exposure water over the surface of the fish. A separate flow (500 ml/min) of uncontaminated respiratory water (RW In) was introduced to the A compartment of each chamber to provide for respiration. Expired water from the fish (see arrows, B compartment, Fig. 1 ) contained chloroethanes that diffused from blood into respired water as blood transited the gills. Blood (50 to 100 /il) and water (5 to 15 ml) samples were collected concurrently for chloroethane analysis at 1.0, 2.0, 4.0, 8.0, 16.0, 24.0, 32.0, and 48 .0 hr. The total of all blood samples collected was limited to 10% of the fish's estimated blood volume. Ventilation volume (Q v ), oxygen consumption rate (VO 2 ), and oxygen utilization (£/%) were monitored automatically every 15 min as a check on the stability and representativeness of each preparation (McKim and Goeden, 1982) .
Water and tissue analysis. Chemical analysis was limited to the determination of parent chemical concentrations in water, blood, and tissues. Water and blood samples were pipetted directly into hexane and extracted by vigorous shaking. At the end of each exposure fish were killed by MS 222 overdose and dissected to obtain liver, kidney, fat, skin, and muscle samples. Tissues were extracted by homogenization in ice-cold sodium sulfate and hexane. Hexane extracts were analyzed on a Hewlett-Packard 5880A gas chromatograph equipped with a 63 Ni electron capture detector and a 1.83-m X 2-mm-i.d. glass column packed with 3% OV-101 80/100 mesh Gas Chrom Q. Hexane:sample volume ratios were adjusted for each chemical, sample type, and exposure level to provide extracts that could be injected directly into the gas chromatograph. The carrier gas was 95% argon/5% methane, flowing at 30 ml/min. Inlet and detector temperatures were 250 and 300°C, respectively. The oven temperature was set to 77°C, resulting in retention times of 1.68, 2.58, and 4.89 min for TCE, PCE, and HCE, respectively. Sample spike recoveries ranged from 90 to 110% and were not used to correct the data.
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Histological preparation of skin samples. Skin samples from three rainbow trout and three channel catfish were prepared for histological examination. A strip of skin and underlying muscle 1 cm wide X 1 cm deep was dissected from an area just anterior to the dorsal fin extending dorsalventrally from the dorsal midline to the lateral line. The dissected sample was then fixed in buffered formalin. Tissues were dehydrated in a graded ethanol series, infiltrated and embedded in JB-4 plastic (Polysciences, Inc.), and sectioned at a thickness of 3 //m using glass knives on a JB-4 microtome (Dupont Sorvall). Slides were stained with hematoxylin and eosin and photographed with an Olympus AH-2 microscope. Dermal and epidermal thicknesses were measured with an ocular micrometer and general observations made on structural differences between the two species.
Calculation of J GOUI . Branchial efflux of each chloroethane (J C oa\ > n units of fig hr" ' kg" 1 ) was calculated based on the appearance of chemical in expired water:
where Q v is the ventilation volume and C E XP is the chemical concentration in expired water. Chemical concentrations in arterial and venous blood can also be used to estimate /com according to the relationship
where CVEN is the chemical concentration in venous blood, C ART is the chemical concentration in arterial blood, and Q c is the cardiac output. Q c estimates for rainbow trout and channel catfish were obtained from Nichols et al. (1990) and McKim et al. (1994) , respectively.
Calculation of J%.
Calculation of maximum dermal influx (dermal flux at Time 0; Jf) was based upon the assumption that chemicals were at or near steady state after 48 hr of exposure. Under steady-state conditions, and assuming no elimination of these ethanes by extrabranchial routes (Nichols et al., 1990) , chemical uptake across the skin is balanced by chemical loss across the gills:
The relationship between dermal flux at any time point (Jl) and chemical permeability in skin (K P ) is given by the Fick equation.
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where A s is the surface area of the skin, C AMB is the ambient chloroethane concentration, C s is the chemical concentration in skin (on the inside of the diffusion barrier), and Psw is the skin:water equilibrium chemical partition coefficient. The permeability coefficient K P has units of mm hr" 1 and is a collected term that includes both chemical diffusivity and the effective thickness of the diffusion barrier. This description is based on the premise that chemical accumulation in skin defines the concentration gradient favoring inward diffusion (Nichols et al., 1996) .
During the initial stages of a dermal exposure chemical concentrations in blood and tissues are approximately equal to zero. The concentration gradient is therefore determined entirely by the ambient level in water. (5) Moreover, J™ should provide a good estimate of 7° whenever C AMB > (CsV/'s w). Under these conditions.
(6)
The value of this relationship is that maximal dermal influx can be estimated from steady-state branchial efflux without knowing chemical permeability in skin or the skin surface area. To the extent, however, that Cs/P s w constitutes a substantial fraction of C AMB , Js 4S (and therefore y G 8 oui) will be reduced and will tend to underestimate J$-Calculation of J°G ln . Maximum branchial influx (J% ,") during a hypothetical waterborne exposure was calculated for comparison with J%. Branchial influx at any time point is equal to the product of Q v , C A MB> and chemical extraction efficiency (EE):
(7)
Branchial uptake of TCE, PCE, and HCE is water flow-limited in both trout and catfish. Initial extraction efficiencies are therefore approximately equal for all three chemicals in either species and are determined by the amount of ventilated water that comes to equilibrium with blood perfusing the gill lamellae (termed the respiratory volume, 2w; Nichols et al., 1990) . Based upon respiratory physiology information, it has been estimated that Q w = 68% of Q v m rainbow trout (Nichols et al., 1990) and 60% of Q v in channel catfish (Nichols et al., 1993) .
RESULTS

Exposure Chamber Operation
The fish exposure chamber (Fig. 1) provided an in vivo model system from which estimates of chemical flux across the skin were obtained. The ability to monitor chloroethanes simultaneously in arterial blood and expired water provided an excellent check on chamber performance. Leakage occurring around the oral membrane separating the A and B compartments or the latex collar separating the B and C compartments would have been expected to affect the relationship between chemical concentrations in arterial blood and expired water. No such evidence for leakage was seen. Dye studies further confirmed that no leaks were occurring in the exposure chamber. Nominal exposure concentrations were reached approximately 30 min after initiating an exposure due to dilution effects in the C compartment. The respiratory physiology of each fish served as an indicator of acceptability for inclusion in the study (Table 1) . All values for these respiratory parameters were in good agreement with previous measurements (Nichols et al., 1990; McKim et al., 1994) .
Skin Histology
The skin of both rainbow trout and channel catfish is composed of three distinct layers (epidermis, dermis, and hypodermis) as reported for other vertebrates (Hawkes, 1974a,b; Grizzle and Rogers, 1976) . In detail, however, the skin of these two species differs considerably (Figs. 2 and  3) . The combined thickness of the epidermis and dermis is similar in both (trout, 1.12 mm; channel catfish, 1.02 mm), but the catfish epidermis (0.50 mm) is thicker than that of trout (0.06 mm), while trout dermis (1.06 mm) is thicker than that of catfish (0.52 mm). Mucous cells were present in the epidermis of both species, but catfish had many more than trout. In addition, the catfish epidermis contained a number of large irregularly shaped alarm substance cells that were not observed in trout. Trout possess scales originating from the stratum spongiosum of the dermis, while catfish are scaleless and have taste bud papillae emanating from the stratum spongiosum. The epidermis of the catfish at the point where taste bud papillae are near the surface is only 0.08 mm thick, but is 0.50 mm thick where there are no taste buds. Finally, it should be noted that the catfish skin surface is rough and uneven, while that of the trout is smooth.
Kinetics of Chloroethane Accumulation in Arterial Blood
Each chloroethane studied was taken up rapidly across the skin of both species and accumulated in blood in proportion to the exposure water concentration. This is demonstrated in Fig. 4 with PCE where a 10-fold increase in exposure water concentration caused a corresponding 10-fold increase in trout arterial blood concentrations. Rainbow trout exposed to TCE (log A^Ow 2.6) exhibited rapid uptake kinetics, accumulating 30% of the 48-hr blood value in 1 hr (Fig.  5A) . TCE was at or very near steady state in arterial blood 5A). The main difference between trout and catfish with respect to TCE uptake was that the steady-state arterial blood concentration was six times higher in catfish at roughly the same exposure level. Expired water time-course data from trout and catfish followed the same general patterns seen with arterial blood (Fig. 5A) .
Rainbow trout exposed to PCE (log A' ow 3.6) also exhibited a rapid increase in arterial blood concentration, reaching 30% of the 48-hr value after 1 hr of exposure (Fig.  5B) . PCE absorption differed from TCE in that blood concentrations increased about 30% from 8 to 48 hr. As with TCE, uptake curves for PCE in trout and catfish were similar in appearance except that catfish accumulated six times more chemical in arterial blood at the same exposure concentration (Fig. 5B) .
Uptake kinetics for HCE (log A' ow 4.6) were less rapid than those exhibited by TCE and PCE (Fig. 5C ). Approximately 11 % of the 48-hr blood concentration was accumulated in the first hour of exposure. HCE levels in blood from both species increased 50% from 8 to 48 hr. Trout and catfish HCE uptake curves were similar in general appearance (Fig.  5C ), but in catfish arterial blood concentrations were three times higher, despite the fact that they were exposed to a 30% lower concentration (Table 1) .
Arterial-Venous Chloroethane Concentrations
Experiments were conducted with rainbow trout and channel catfish that had been cannulated from both the ventral and dorsal aorta. Chloroethane concentrations in venous blood were consistently higher than those in arterial blood at the same sampling time due to loss of chemical from venous blood as it traversed the gills. The magnitude of this difference was greatest for TCE (Fig. 6 ), although qualitatively similar patterns were observed for PCE and HCE. In rainbow trout, venous concentrations of TCE, PCE, and HCE averaged 2.3, 1.3, and 1.1 times higher, respectively, than measured levels in arterial blood. The corresponding ratios in channel catfish were 1.4, 1.1, and 1.1.
Dermal Flux Calculations
Dermal influx at 48 hr (7s 8 ) was estimated from measured branchial efflux (7c 8 o ul ; Table 2 ), based on the assumption that compounds had reached steady state in blood [Eq. (6) ]. In experiments with trout, 7s 8 estimates for each chemical were in good agreement when differences in C AMB were taken into account. A similar agreement among chemicals was seen in studies with channel catfish. Moreover, in situations where similarities in C AMB allowed such comparisons to be made, it was clear that 7s 8 values for each compound were higher in catfish than in trout by a factor of approximately 3.
Gill Mass Balance
A gill mass balance was constructed by simultaneously measuring the loss of chloroethanes from blood transiting the gills and their appearance in expired water (trout, experiment III; catfish, experiment II). These data were then used to calculate branchial fluxes for both test species (Table  2) . Q c values used in these calculations were not measured directly but were instead taken from the literature. It was not possible, therefore, to estimate the variability around blood-based flux estimates or to conduct statistical comparisons with estimates based on water data. Nevertheless, except for catfish exposed to PCE, branchial fluxes calculated from blood data were consistently within 1 SD of those based on chloroethane levels in expired water.
Tissue Chloroethane Residues
Tissue chloroethane residues in trout and catfish from all experimental groups were expressed as blood:water and tis- (TA. arterial; TV, venous) and catfish (CA, arterial; CV, venous) cannulated from both the dorsal and the ventral aorta and exposed via the skin (Five rainbow trout and three channel catfish exposed to 1400 /ig TCE/liter).
sue:blood concentration ratios to normalize for differences in exposure concentrations encountered among the experimental groups (Table 3) . Blood:expired water concentration ratios (arterial and venous) increased with the number of chlorine substituent groups and were in general higher in catfish than in trout. Venous blood:expired water values were consistently greater than arterial blood:expired water ratios, although the extent of this difference declined with increasing chlorine substitution. In both species, the rank order of concentration in tissues was fat > kidney > liver > white muscle (Table 3 ). Channel catfish tissue:blood values tended to be lower than those in trout, particularly for white muscle.
DISCUSSION
In this study we report in vivo estimates of xenobiotic chemical flux across the dermal surface of intact fish. These estimates were obtained by measuring chemical loss across the gills to expired water. An experimental apparatus was developed to separate the dermal route of exposure from all other routes. This system was then used to measure dermal absorption of a homologous series of waterborne chloroethanes in channel catfish and rainbow trout, two species with very different skin anatomies.
Chemical accumulation in arterial blood and its subsequent appearance in expired water occurred rapidly and followed the same patterns in both species. TCE concentrations reached steady state in arterial blood in 8-12 hr. PCE concentrations also exhibited an initial rapid increase, but continued to rise gradually throughout the 48-hr exposure period. HCE concentrations in arterial blood increased at a slower rate than either TCE or PCE and did not appear to approach steady state. Similar accumulation patterns were observed in branchial uptake studies with trout and catfish exposed to the same three chloroethanes (Nichols et ai, 1991 (Nichols et ai, , 1993 . In these earlier studies it was suggested that the slow increase in PCE levels in blood observed between 8 and 48 hr was due principally to continuing uptake of chemical by depot fat. A true steady-state condition was not observed until trout were exposed to PCE for 264 hr. It is important, however, to recognize that chemical concentrations in blood (and well-perfused tissues) may approach steady-state values long before steady state in the whole fish is attained. This is because the perfusion rate of fat as a percentage of cardiac output is low. As a result, extraction of chemical from blood perfusing the fat has relatively little impact on mixed venous concentration. The deficit is then made up by continuing branchial or dermal uptake (Nichols etal., 1991) .
In the present study no effort was made to determine time to steady state for PCE and HCE. It is also possible that internal distribution kinetics differ somewhat with different routes of exposure. Nevertheless, based on the similarity in appearance of PCE blood time-course data from inhalation and dermal exposures, it can be estimated that PCE levels in blood at 48 hr were between 80 and 90% of steadystate values. In contrast, HCE levels in blood at 48 hr were probably less than 60% of steady-state values.
Estimates of J^s obtained from gill efflux measurements were based on the assumption that chemicals in blood were at or near steady-state levels. To the extent that this assumption is violated, these estimates will underestimate true dermal flux. 7s 8 estimates were consistent among chemicals and species and represent the first such estimates for xenobiotic chemicals in fish. Mean flux values for TCE are considered to be good estimates of true dermal flux. Flux estimates for PCE are likely to underestimate true flux, but the extent of this underestimation is probably small. 7s 8 values for HCE almost certainly underestimate true dermal flux. The extent of this underestimation is unknown, but may be considerable.
Flux calculations suggest that chloroethanes diffuse more readily across the skin of channel catfish than that of rainbow trout. In addition, arterial blood concentrations of TCE. PCE, and HCE were three to six times greater in catfish than in 9.6 ± 3.6 9.6 ± 3.6 9.6 ± 3.6 11.7 ± 3.5 11.7 ± 35 11.7 ± 3.5 11.4 ± 2.2 11 4 ± 2.2 11 4 ± 2.2 14.5 ± 0.8 14.5 ± 0.8 14.5 ± 0. 3.61 ± 1.83 1.14 ± 0.90 0.46 ± 0.26 "Concentration ratios were calculated from measured water, blood, and tissue residues at 48 hr and are reported as the mean ± SE, N = 13 (trout, arterial blood:water), 9 (trout, tissue:blood), 5 (trout, venous blood:water), 6 (catfish, arterial blood:water), 5 (catfish, tissue:blood), and 3 (catfish, venous blood:water).
* Tissue:blood concentration ratios are expressed on the basis of measured arterial blood concentrations. trout exposed to similar concentrations. Increased blood levels during the accumulation phase of an exposure can also result from reduced branchial efflux. One possible cause of reduced gill elimination in catfish is an increase in blood:water chemical partitioning. In vivo venous blood:expired water concentration ratios observed at 48 hr were consistently greater in catfish than in trout. Assuming that chemical equilibrium is reached as blood transits the gills, this ratio is indicative of (although not equal to) the relative affinity of chemical for blood and water (Nichols et al., 1993) . Differences in blood water partitioning between species would make little difference, however, when fish are at or very near steady state, assuming that the capacity for branchial efflux exceeds that of dermal influx. Under these circumstances gill efflux simply balances the amount of chemical entering the fish and is a good estimator of differences between species.
The greater dermal uptake of chloroethanes by catfish relative to that of trout may be due to differences in skin anatomy. Using isolated skin pouches, Ferreira et al. (1984) found that benzocaine hydrochloride diffused more rapidly across skin from carp (Cyprinus carpio) than across skin from either tilapia (Tilapia mossambic) or rainbow trout. This difference was attributed to the fact that carp have thin, scaleless skin compared to the thicker, scaled skin of the other two species. The lipid content of skin was also considered to be important, but less so than the thickness and presence of scales. Channel catfish skin has a higher lipid content (5.67% of wet weight) than trout (2.87% of wet weight) , is without scales, and has numerous taste bud papillae that originate in the dermis and extend to the surface through the more impervious epidermis (Figs. 2 and 3) . Trout skin is covered with scales and has no taste buds. Taste buds in the skin of catfish may offer channels through which chemicals traverse the epidermis to the more vascularized dermis. As noted previously, the thickness of the epidermis is considerably reduced at the apex of these taste buds. Differences in water temperature may have also been responsible for some of the differences between species through its effect on chemical diffusivity. The diffusivity of each chloroethane in water increases by about 30% when the temperature is increased from 11 to 21°C (Nichols etai, 1996) .
Chloroethane accumulation in tissues of trout and catfish exposed via the skin followed the same general patterns observed in inhalation exposures (Nichols et al., 1991 (Nichols et al., , 1993 . Tissue:blood concentration ratios were lower in catfish than in trout (Table 3 ). These differences can be attributed both to increased bloodrwater partitioning in this species and to decreased chemical affinity for catfish tissue. The white muscle of catfish is a particularly lean tissue and has previously been shown to possess relatively low affinity for hydrophobic organic compounds .
In two separate experiments, trout and catfish were cannulated from both the dorsal and ventral aorta. Data collected from these studies were sufficient to construct a chemical mass balance on the gills. Figure 7 illustrates the major physiological mechanisms and physical-chemical properties that operate during a dermal-only exposure. Chloroethanes diffuse across the skin and enter the venous blood (CVEN) of the trunk where they become bound to plasma constituents in amounts related to chemical log A" O w-Blood draining the trunk is collected in the caudal vein which flows to the kidney and from there to the heart (Satchell, 1991 (Satchell, , 1992 Steffensen and Lomholt, 1992) . The majority of the cardiac output (Q c ) is directed to the gills. As blood moves through the gills, chloroethane molecules diffuse down a concentration gradient from venous blood to inspired water (C INSP ).
Chloroethanes lost from C V EN to Ci NSP leave the fish in expired water (C EX p), while the amount remaining in blood enters the arterial systemic circulation (C ART ). The difference between C ART and CVEN is determined by . equilibrium blood:water chemical partitioning, which is positively correlated with the relative hydrophobicity of each compound . Greater water solubility translates to greater diffusion of chemical across gills into expired water and a greater proportional difference between C ART and CVEN (TCE > PCE > HCE). When measured values for C ART , CVEN, QC, C EX p, and Q v are used in the equations found in Table 2 , the chemical lost from venous blood should equal that appearing in expired water. Although statistical analyses could not be conducted, branchial efflux estimates calculated from blood and water data were in most cases within 1 SD of each other and are therefore consistent with a chemical mass balance at the gills. In general, branchial efflux values based on blood data were lower than those calculated from water data. One possible explanation is that Q c values obtained from the literature underestimated the true values in trout and catfish used in these studies.
A comparison of dermal and branchial uptake was made by calculating zero-time dermal fluxes for all three compounds. These were then compared to initial branchial fluxes that would be expected in an inhalation exposure [Eq. (7)]. As shown in Table 4 , dermal flux in rainbow trout ranged from 1.4% (HCE) to 1.8% (PCE) of total flux (branchial plus dermal), while in catfish dermal flux accounted for 2.8% (TCE) to 3.6% (PCE) of the total. McDougal et al. (1990) demonstrated that chemical permeability in the skin of rats increases with chemical solubility in lipid. If this is true of fish skin, then dermal flux, expressed as a percentage of total (which effectively normalizes for differences in exposure concentration), should follow the sequence HCE > PCE > TCE. This sequence was not observed with trout or catfish; however, as indicated previously, flux determinations for PCE and HCE are likely to have underestimated true flux values. Initial dermal flux estimates were also based on the assumption that C s /P s w remained low throughout the exposures (thereby maintaining the concentration gradient close to C AM B)-A positive correlation between true J% and chemical log A' ow may therefore exist but was not discernible from an analysis of empirical data. Errors in estimation of J% are unlikely, however, to be so great as to change the conclusion that dermal flux is small in comparison to branchial flux for these large fish.
The utility of the fish exposure chamber for obtaining reliable flux estimates depends upon the kinetics of the test compound. In the present study, exposures were limited to 48 hr. Previous experience with fish prepared in this manner has shown that exposures longer than 96 hr are accompanied by a steady deterioration of fish condition, as indicated by respiratory physiology measurements. Thus, the system is (Table 2) . These values were then increased by 20% to account for skin area that was not exposed in the "C" chamber of the exposure apparatus.
* From Eq. (7), Methods and Materials. Estimates were based on the measured Q v for each experiment. best suited to chemicals that approach steady state within this time frame.
This research has demonstrated that dermal uptake occurs readily in large adult fish and exhibits kinetics similar to inhalation; however, the dermal route of uptake is likely to be much less important than the inhalation route with fish of this size. In contrast, recent work by Lien and McKim (1993) and Lien et al. (1994) has shown that the contribution of dermal uptake to chemical accumulation in small bioassay species (e.g., fathead minnow and medaka) is considerably greater (40 to 50%) than that for the large fish used in the present study. The primary reasons for this are (1) a greater surface area-to-volume ratio for skin in small fish (the sur-face area-to-volume ratio in a 1-kg trout «s 1:1, while that of a 30-day-old fathead or medaka = 25:1); (2) dermal surface area exceeds that of branchial surface area in fish less than about 4 g in weight; and, (3) diffusion distance across the skin tends to vary directly with fish size. Because the majority of fish toxicity testing now uses early life stages of fish or encompasses a partial life cycle, it is imperative that our knowledge of the uptake kinetics of skin at all developmental stages be expanded for use in predictive toxicology models.
